ester is used 7 11 . To solve the problem, a proper offset-ink formulation has been sought by changing the characteristics of rosin-modified phenolic resin, when vegetable esters were applied 12, 13 .
In this study the soy-oil FAME is applied to five types of resins with different molecular weights and solubility, to develop the eco-friendly varnish and ink. The property changes from the application are examined to find the best formulation for the ink. Furthermore, the ethyl and butyl esters of the soy oil fatty acid having high molecular weight and viscosity are used, and their resin dilution power is adjusted to produce an eco-friendly solvent, more appropriate for the offset ink. The molecular weight, solubility, and other properties including rheological characteristic of the soy-oil fatty acid esters are measured, and the properties and printability of the inks are examined to determine the best formulation.
Experimental

Materials
Five types of rosin-modified phenolic resins Kangnam Chemical Co., Korea with different molecular weights and Abstract: In the development of solvent-free offset ink, the roles of resin molecular weight and used solvent on the ink performance were evaluated by examining the relationship between the various properties of resin and solvent and print quality. To find the best performing resin, the soy-oil fatty acid methyl ester (FAME) was applied to the five modified-phenolic resins having different molecular weights. It is found from the experimental results that the ink made of higher molecular weight and better solubility resin gives better printability and print quality. It is because larger molecular weight resin with better solubility gives higher rate of ink transfer. From the ink application of different esters to high molecular weight resin, the best printing performance was yielded from the soy-oil fatty acid butyl ester (FABE). It is due to its high kinematic viscosity resulting in the smallest change of ink transfer weight upon multiple number of printing, which improves the stability of ink quality.
Key words: Offset Ink, Vegetable Ester, Rosin-Modified Phenolic Resin, Printability, Rheology solubility were used as resin, and soybean oil CJ Co., Korea was applied as vegetable oil. Solvents were hydrotreated light paraffinic distillate Techsol-2836i, GS Caltex Co., Korea and soy oil esters FAME fatty acid methyl ester , FAEE fatty acid ethyl ester , and FABE fatty acid butyl ester Valvoline, Korea . For the ink preparation, phthalocyanine Beta Blue CI Pigment Blue 15:3, Heliogen Blue D 7095, BASF, Korea was used as pigment, and calcium carbonate CI Pigment White 18, Hakuenka CC, Shiraishi, Japan was added as extender.
Preparation of varnish
The varnish was formulated as the composition given in Table 1 . To maintain the viscosity in a similar level, the resin, ester, and solvent contents were varied after considering the viscosity and solubility of the vegetable esters.
Preparation of inks
The inks were prepared in the composition listed in Table 2 . To make the tack and viscosity level similar, the quantities of the hydrocarbon solvents were set at 5 point higher than those of the vegetable esters.
Instrumental analysis
To determine the molecular weight distribution of the rosin-modified phenolic resin and soy-oil fatty acid ester, an HPLC Agilent Technologies Co., U. S. A., Model 1200 Series was used, and the cloud point related to the resin solubility was measured with a cloud point tester Novocontrol GmbH, Germany, Model Chemotronic II . The emulsification was measured using an emulsification tester Novocontrol GmbH, Germany, Model Lithotronic II , and the rheological properties were measured using a rheometer Thermo Fisher Scientific Inc., Germany, Model Haake Mars II . The emulsification was measured with the sample of 25 g placed in the sample holder, and the spindle was rotated at the speed of 1,200 rpm while water was supplied at the rate of 2 g/min. The measured torque was recorded, and the torque curve was printed after the test was over.
To measure the variation of printing density and gloss with the thickness of ink film, ten copies of prints were made using a printability tester IGT Testing Systems, Holland, Model IGT C-1 . A simple printability R-I tester Akira Seisakusho, Japan, Model RI-2 was also used for printability examination. The density and gloss were measured using a densitometer Gretag Macbeth, Switzerland, Model D-196 and a gloss meter BYK Gardener, U. K. . To measure the setting time, the sample print was made on coated paper with the R-I tester, and the set-off was measured in 3 second intervals on the same paper. To measure the drying time, a 37-μm-thick uniform coating was formed on glass plates, and the time was measured until the coating became fully dried in a 60 oven. The rub resistance was measured 20 times using a rub resistance tester Prufbau GmbH, Germany after printing the samples with the R-I tester. Acid value was measured by the titration of potassium hydroxide solution using a titrator Mettler-Toledo, U. S. A., Model DL22 . Color was measured with a colorimeter Hach Lange, U. K., Model LICO 150 . Softening point was measured with the ball and ring method. Tolerance was measured with the continuous addition of solvent of n-heptane to resin until the solution became cloudy, and the ratio of solvent amount to resin was set as the tolerance.
Results and Discussion
The property variation of the formulated inks using different molecular weights of resin and various soy oil esters was examined to find the best performance ink. The printing density and gloss are the ultimate properties representing ink performance, and the emulsification characteristic and physical properties of ink are closely related to the ultimate properties. The itemized assessment of the property variation from different raw materials for the ink formulation are addressed below.
Role of resin molecular weight
The properties of the rosin-modified phenolic resin used in this experiment are listed in Table 3 . The molecular weight increases from PM 15 to PM 88, of which the number is the molecular weight of the resin in thousands. The measurement result of the cloud point and tolerance showes that the solubility of PM 46 and 88 is lower than others. The acid value and color of the phenolic resins are unrelated to their molecular weight, whereas the softening point is raised with the molecular weight as in the previous study 14 .
When the resin was converted to varnish and ink, its emulsification was affected more by its solubility than by its molecular weight, as shown in Fig. 1 . The cooking condition of the sample is given as A-1 in Table 1 except the resin of different molecular weights used. The torque curves were obtained from the emulsification tester, while water was added as represented with the straight line. The water was supplied after 50 minutes from the beginning, and the steady increase indicated constant supply at a rate of 2 g/min. Initially the maximum torque was measured, when the spindle of the tester immersed in the static sample began to rotate. Then the torque reduced to a steady value, while the rotation settled. At the moment of water addition, the torque dropped until the water mixed with the sample completely. Then the torque increased steadily until the excess water was supplied, when the torque began to reduce. The curves in Fig. 1 show the same pattern of torque variation except the prolonged high torque during emulsification. The samples, PM 46 and PM 88, having low solubility required higher water pick-up for emulsification than others. The increased solubility reduces the surface activity of the resin molecules for emulsification, and increases the hydrophobic property of the ink leading to low water-pickup. This means that better compatibility of the resin maintains a stable ink-water balance on the printing press. Kazlauciunas 15 showed that the compatibility of the ink components improved the ink stability. Figure 2 shows the changes in the elastic modulus and viscous modulus of inks with varying shear stress. As shown in the figure the peak values of the moduli do not significantly vary with different molecular weights, but the moduli of PM 15 have much larger than the others at low shear stress. When the molecular weight of the resin is low, the shear thickening dilatancy occurs at low shear with different molecular weights of resin.
stress 16 and the pigment in ink with the resin is rearranged to become powder. The measured moduli of PM 15 indicate the shear thickening giving the high moduli. The changes in elastic and viscous moduli with the varying frequency of cone oscillation in the rheometer are illustrated in Fig. 3 .
As shown in the figure, the resulting moduli at low frequency are similar for various resin molecular weights. The moduli are different at high frequency for the different molecular weights, but the difference is not related to the molecular weight. Hoath et al. 17 indicated that ink rheology was not significant under low shear rate, but it was important at high shear rate. The moduli spread at the high frequency cone oscillation shown in the figure are also yielded at the high shear rate in Fig. 3 somewhat less amount. However, there is no relation between the molecular weight of resin and the moduli at the motion of high frequency cone oscillation. Figure 4 demonstrates the variations of printing density and gloss according to the film thickness of ink for the printability analysis with the printability tester. The consecutive 10 marks in each curve indicate the increasing number of printing from one to ten. The results show that high resin solubility gives high density and high gloss. Among the high solubility resins the larger molecular weight resin has slightly higher density. Note that PM 46 and PM 88 are of low solubility. From the viewpoint of ink mileage the ink weight transferred at the given number of printing copy the lower the resin solubility is, the less ink transfers due to the low amount solved. Therefore, it is expected that the resin having better solubility and larger molecular weight gives higher ink mileage. These resin properties in the offset ink indicate that the higher molecular weight and better compatibility resin gives good printability and print quality as similar results found from the previous study 8 .
The measurement results of printing density, gloss, setting time, and rub resistance using the R-I tester are listed in Table 4 . It is noted that the density and gloss of PM 46 are low, of which the solubility is also low. For the other resins, the density and gloss generally improve as the molecular weight increases. In case of setting time, low solubility gives fast setting as shown in PM 46 and PM 88, and for high solubility the high molecular weight leads to fast setting. The rub resistance generally becomes better as the resin molecular weight increases, which suggests that the ink film becomes strong when dried due to the high molecular weight of the resin. Table 5 shows the kinematic viscosity, density and cloud point of the vegetable esters and petroleum-based hydrocarbon solvent used in this study. The kinematic viscosity is relatively low for FAME and FAEE, whereas FABE and hydrocarbon solvent have high kinematic viscosity. The molecular weight of esters increases as alkyl chain becomes longer, and the kinetic viscosity also increases. While the density of solvents is similar, the cloud point of vegetable esters is much lower than that of hydrocarbon solvent, which implies that esters have good resin solubility. Figure 5 shows the results of the emulsification analysis of varnish and ink processed with various esters and hydrocarbon solvent. The cooking condition of the samples is given in Tables 1 and 2 . The results suggest that the emulsification of ink is affected by the resin dilution power in solvents. The cloud point of hydrocarbon solvent is much higher than esters as listed in Table 5 , and the apparent difficulty of its emulsification is demonstrated in Fig. 5 . Among the ester solvents the cloud point is similar, and the kinematic viscosity determines the emulsification. The lowest kinematic viscosity of FAME helps the emulsification the most, and the same result has been published by Lin and Lin 18 . The variation of elastic and viscous moduli according to the shear stress of inks with different solvents is illustrated in Fig. 6 . Among the ester solvents, the moduli differ at low shear stress, which suggests that the resistance to external force increases at the low shear stress due to the difficulty of emulsification indicated by the cloud point listed in Table 5 . Therefore, pigment particles are not evenly distributed at the low shear stress with high modulus ester. On the other hand, the hydrocarbon solvent maintained constant moduli from low to high shear stresses. This implies that the resistance to distortion in the entire shear stress ranges is equally high, and it is due to the low resin solubility for the hydrocarbon solvent represented with high cloud point. Figure 7 demonstrates the variation of elastic and viscous moduli for the varying frequency of cone oscillation for inks with different solvents. In this case, the hydrocarbon solvent gives the highest moduli as seen in the figure, and it indicates that the ink preparation with high speed processing does not help with the hydrocarbon solvent. The variation of the printing density and gloss with differ- Fig. 4 Printing density and gloss of inks with different molecular weights of resin at varing ink film thickness. Fig. 8 . The consecutive 10 marks in each curve indicate the increasing number of printing from one to ten. The results show that the printing density and gloss of the ink with hydrocarbon solvent are much lower than those of ester inks. The low printing density explains that the ink transfer weight of the hydrocarbon ink is low from the start until higher number of printing. It is due to low resin content and solubility of the ink made of the solvent. Among the esters the ink of FAME has relatively low gloss, and it is because the low emulsification as shown in Fig. 6 . The low emulsification makes the ink penetration into the surface of the substrate difficult and reduces the surface smoothness of printed film of the ink. When the ink transfer weight represented with printing density was analyzed from the ink mileage, the variation of ink transfer weight of FABE was less than that of FAME when the printing number was increased as demonstrated in Fig. 8 . This suggests that solvents in the ink play the role of vehicle affecting the ink transfer weight. In particular, FABE shows relatively small changes in the ink transfer weight and gloss with the increased number of printing, which is advantageous to the stability of quality in printing process. The measurement results of printing density, gloss, setting time, and rub resistance after printing of a sample copy using the R-I tester under the same condition are listed in Table 6 . The density and gloss of the hydrocarbon solvent were lower than those of vegetable esters. The setting time was affected more by the kinematic viscosity than by the resin solubility of solvent, when the same resin was used. Regardless of the resin content and solubility, FAME and FAEE having lower kinematic viscosity show faster setting time. It suggests that the fast penetration of ink into the substrate surface immediately after printing has strong influence.
Fatty acid esters
The rub resistance of vegetable esters is better than that of the hydrocarbon solvent, and it implies that the strength of ink film is affected by the high resin content of ink and the oxidation polymerization at the double bonds of vegetable esters. Among the vegetable esters, FAME shows lower rub resistance due to the low surface smoothness of ink film than FABE, and FAEE gives better rub resistance due to better printing density even if the kinematic viscosity of the solvent is lower. In a similar study 6 , it was found that vegetable esters of good compatibility gave better printing density, gloss, and ink transfer than hydrocarbon solvent. Though the esters give similar printing properties of density, gloss and rub resistance, the smallest change of ink transfer weight upon multiple number of printing obtained from FABE improves the stability of ink quality the most.
CONCLUSIONS
The property variation of inks with varying molecular weight of resin and different solvents of soy-oil fatty acid esters was investigated to find the best ink formulation. The comparison of print quality of various inks made of the different molecular weight of resin and fatty acid methyl ester FAME as solvent indicates that higher molecular weight and better solubility resin gives better printability and print quality. The experimental results demonstrate that larger molecular weight resin having better solubility gives higher ink transfer leading to better ink performance. The role of ester solvent was examined with the inks formulated with different esters and high molecular weight resin. The experimental comparison of print quality demonstrates that the fatty acid butyl ester FABE gives the best printing quality due to its high kinematic viscosity. The high viscosity leads to the smallest change of ink transfer weight upon multiple number of printing resulted in the high stability of ink quality. 
